The pecan [Carya illinoinensis (Wangenh.) K. Koch], a member of the family Juglandaceae, is an economically important nut crop. Propagation of pecan is done primarily by budding or grafting of improved cultivars onto seedling rootstocks. However, these methods suffer disadvantages such as considerable time, expense and poor transplanting survival of the plants. Propagation by cutting, though leads to uniform clonal rootstocks, is very difficult as the clones do not root readily. Even with the use of hormones, inconsistent results with only limited improvements have been reported (Brutsch et al. 1977; Smith et al. 1974; Wolstenholme and Allan 1975) . In vitro propagation offers great potential for the pecan industry for large scale multiplication of selected clones and enables production of a high amount of constant quality plantlets within a very short time. Although somatic embryogenesis has been developed for pecan (Mathews and Wetzstein 1993; Merkle et al. 1987; Wetzstein et al. 1989 Wetzstein et al. , 1990 Yates and Reilly 1990) , successful pecan micropropagation was not achieved because of poor regeneration and rooting. Wood (1982) and Knox and Smith (1981) have used nodal stem segment explants from seedlings to establish shoot proliferation, however, no consistent shoot proliferation, elongation or root development occurred and no plants were established in soil. Phillips and Ramirez (1983) and Corte-Olivares et al. (1990) used apical and axillary buds; shoot elongation was obtained, but rooting and establishment of plantlets were poor. Hansen and Lazarte (1984) used nodal cuttings as explants; shoots were rooted with 93% success and 63% plants were established in soil while Corte-Olivares et al. (1990) obtained 40% rooting of shoots. In this article, we report the development of a reliable and efficient protocol for rapid in vitro shoot induction and rooting of pecan plants by culturing nodal explants from seed in liquid culture. Although micropropagation of pecan through nodal explants from seed will result in heterozygous plants, the protocol optimized in this study could be applied for producing true-type plants from mature tissues.
each to remove the sodium hypochlorite. The embryos were cultured modified woody plant medium (WPM with no glycine; Lloyd and McCown 1980; McCown and Lloyd 1981) 17 .76 m M BAP and 0.49 m M IBA (Obeidy and Smith 1990) for three weeks for culture establishment. The medium was supplemented with sucrose (3% w/v) solidified with phytagel (0.35%, w/v, Sigma Chemical Co., St. Louis, MO, USA). The pH of the media was adjusted to 5.7 prior to autoclaving (121°C for 20 min). The cultures were maintained at 25 Ϯ 2°C with 16 h photo period (40 m mol m Ϫ2 s Ϫ1 ) provided by white fluorescent lamps. Nodal explants ( Figure 1A) were prepared from the shoots of the germinating embryos and cultured on liquid medium for shoot induction [modified WPM containing 1, 2, 3 or 5% sucrose or 1, 2, 3 or 5% glucose (filter-sterilized, added after media sterilization) and supplemented with different concentrations of BAP (0.44, 2.22, 4.44, 13.32, 22.20, 35.52, 44 .39 m M)]. Ten milliliter liquid medium with paper bridge was used to culture the nodal explants. The explants were transferred to fresh media after every three weeks of culture. The average number of shoots was assessed after three weeks of culture. The multiple shoots that formed were excised and cultured on plant growth regulator free modified WPM for further elongation. Subsequently, the elongated shoots were tested for rooting in liquid media containing halfstrength modified WPM or half-strength MS (Murashige and Skoog 1962) with different concentrations of IBA (4.92, 24.60, 49.20, 98.41, 147.61 and 196.82 m M) as well as various combinations of IBA and NAA (2.46:0.54, 2.46:5.37, 0.49:2.69, 4.92:2.69, 0:0.54, 0:2.69, 0:5.37, 0.49:0, 2.46:0, 4 .92:0 m M). The rooted pecan plantlets were transferred to peat pellets for initial acclimatization for two weeks and subsequently to the greenhouse. Each experiment was replicated three times. The data on the number of shoots obtained per explants were analyzed using standard ANOVA procedures.
The biggest limiting factor for successful, large scale pecan in vitro propagation is the contamination of cultures by fungus. The presence of internal fungal contamination of mature pecan seeds was reported previously (Beuchat 1975; Chipley and Heaton 1971; Hanlin 1971; Schroeder and Cole 1977) . Rigorous surface sterilization procedures could not avoid fungal contamination without disturbing explant viability (Obeidy and Smith 1990; . Therefore, a preliminary study was carried out to find an effective sterilization procedure required for culture maintenance. The seeds treated with either of the following sterilization procedures showed varied degree of fungal contamination (Table 1) . 1) 5.65% sodium hypochlorite for 30 min., 2) combination of 2.83% sodium hypochlorite and 2-3 drops of commercial soap solution for 30 min., 3) 95% ethanol 10 min., 4) 0.1% Tween 20 for 2 hr or 5) Carbendazim (1 g Ϫ1 ) for overnight and subsequent treatments with 70% ethanol for 30 min. and 2.83% (w/v) sodium hypochlorite for 10 min. before washing with sterile distilled water three times. Seeds treated with sodium hypochlorite (5.65%) showed 10% fungal contamination in both the cultivars after one week and 40-45% after three weeks of culture. Seeds treated with the combination of sodium hypochlorite (2.83%) and 2-3 drops of commercial soap solution still showed 15-20% fungal contamination after one week and 45-50% after three weeks of culture. Seeds treated with ethanol (95%) showed 20-25% fungal contamination after one week and 65% after three weeks of culture. Seeds treated with only Tween 20 (0.1%) showed 35% fungal contamination after one week and 70-75% after three weeks of culture. However, the seeds treated with Carbendazim (1 g
Ϫ1
) and subsequent treatments with 70% ethanol and 2.83% (w/v) sodium hypochlorite showed only 5% fungal contamination in both the cultivars after one week and 18-20% after three weeks of culture. After three weeks of culture no further fungal growth were observed. The explants remain viable, contaminant-free and started shoot and root initiation after two weeks of culture.
Maximum shoot induction response (95%) was observed in the liquid medium containing 13.32 m M BAP after three weeks of culture (Table 3) . Maximum shoot number per explant obtained was 9.66 Ϯ 0.57 in 'Cape Fear' and 9.33 Ϯ 0.57 in 'Desirable' (Table 2; Figure 1B ). There were no significant differences between the genotypes and BAP concentrations tested as both the genotypes showed similar pattern of shoot induction. Experiment was also designed to test the effectiveness of solid against liquid media on shoot multiplication. Both solid (modified WPM with phytagel) and liquid media (modified WPM without phytagel) containing 13.32 m M BAP were used to determine shoot induction in pecan. The significant differences were observed in shoot induction response (Table 3) in solid media (36-38% in both 'Cape Fear' and 'Desirable') and liquid media (over 95% in both 'Cape Fear' and 'Desirable'). There was rapid development of shoots in liquid media compared to solid media. Similar results obtained in species cultured in liquid or low-agar concentration media is caused by greater availability of water (Bouniols 1974; Debergh 1983 ) and of nutrients (Debergh 1983; Singha 1982) . This increased availability may be induced by a lower resistance to diffusion and closer contact between the explant and the culture medium (Hammerschlag 1982; Romberger and Tabor 1971; Singha 1982) . Although sucrose is the most commonly used energy source for cultures in most of the propagation of woody species, reducing sugars like glucose that are not normally transported in sieve tubes, can be readily taken up and metabolized providing a better carbon source (Welander et al. 1989) . In the present study, among the sugar concentrations (1, 2, 3 or 5%) tested, the maximum multiple shoot induction achieved on modified WPM with 2% glucose was 9.66 Ϯ 0.57 shoots per explant in 'Cape Fear' and 9.33 Ϯ 0.57 in 'Desirable' while in 3% sucrose medium it was 4.33 Ϯ 0.57 in 'Cape Fear' and 4.66 Ϯ 0.57 in 'Desirable'. Glucose proved to be an efficient carbon source in culture of Alnus species, Alnus N. N. Renukdas et al. 
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Copyright © 2010 The Japanese Society for Plant Cell and Molecular Biology crispa, A. cordata and A. rubra (Barghchi 1988; Welander et al. 1989) , Potentilla fruticosa and Ficus lyrata (Wainwright and Scrace 1989) , and cork oak (Quercus suber) (Romano et al. 1995) . Root induction was observed in liquid modified WPM supplemented with 49.20 m M IBA after three weeks of culture ( Figure 1C, D) . Over 90% rooting was observed at 49.20 m M IBA concentration in both 'Cape Fear' and 'Desirable' (Figure 2) . Similar results of rooting were obtained by Hansen and Lazarte (1984) . However, CorteOlivares et al. (1990) obtained only 40% rooting and Wood (1982) was unable to establish rooting from pecan shoots. Different combinations of IBA: NAA (2.46: 0.54, 2.46:5.37, 2.46:2.69, 4.92:2.69, 0:0.54, 0:2.69, 0:5.37, 0.49:0, 2.46:0, 4.92:0 m M) with half strength MS or WPM also were tested for root induction but none of the media combination could be able to induce roots in pecan explants. The pecan plantlets were initially transferred to peat pellets ( Figure 1E, F) and subsequently to the greenhouse ( Figure 1G ).
In conclusion, the present study demonstrated a simple and reliable method for in vitro regeneration of pecan from nodal explants by using liquid WPM. The protocol established in this study may be applied to mature tissues for successful micropropagation of pecan, a significant agricultural crop in US.
